By using serial mutations, i.e., a residue replaced by 19 kinds of naturally occurring residues, the stability of native conformation and folding behavior of mutated sequences are studied. The 3ϫ3ϫ3 lattice protein model with two kinds of interaction potentials between the residues, namely the original Miyazawa and Jernigan ͑MJ͒ potentials and the modified MJ potentials ͑MMJ͒, is used. Effects of various sites in the mutated sequences on the stability and foldability are characterized through the Z-score and the folding time. It is found that the sites can be divided into three types, namely the hydrophobic-type ͑H-type͒, the hydrophilic-type ͑P-type͒ and the neutral-type ͑N-type͒. These three types of sites relate to the hydrophobic core, the hydrophilic surface and the parts between them. The stability of the native conformation for the serial mutated sequences increases ͑or decreases͒ as the increasing in the hydrophobicity of the mutated residues for the H-type sites ͑or the P-type sites͒, while varies randomly for the N-type sites. However, the foldability of the mutated sequences is not always consistent with the thermodynamic stability, and their relationship depends on the site types. Since the hydrophobic tendency of the MJ potentials is strong, the ratio between the number of the H-type sites and the number of the P-type sites is found to be 1:2. Differently, for the MJJ potentials it is found that such a ratio is about 1:1 which is relevant to that of real proteins. This suggests that the modification of the MJ potentials is rational in the aspect of thermodynamic stability. The folding of model proteins with the MMJ potentials is fast. However, the relationship between the foldability and the thermodynamic stability of the mutated sequences is complex.
I. INTRODUCTION
Proteins are elementary blocks to execute biological functions in the living organisms. There are many kinds of proteins in nature which carry out various complicated activities. Proteins are composed of 20 kinds of naturally occurring amino acids, and are encoded by complex patterns of these 20 kinds of amino acids. That is, 20 kinds of amino acids introduce diversity and complexity into proteins due to various specific propensities. [1] [2] [3] [4] [5] [6] [7] [8] In general, a protein contains about 10 000 atoms and also interacts with a huge number of solvent molecules. Even using the fastest computers, it is still quite difficult to simulate the folding process for an amino acid sequence with a reasonable size when all the interactions between the atoms are included. 9 Presently, protein folding is a fundamental and unsolved problem in molecular biology. The folding resembles a diffusion process on a rugged funnel-like energy landscape. [10] [11] [12] [13] It is well known that some kinds of amino acids or residues have similar physicochemical properties while some other kinds of residues are different. Thus, it is possible that some residues in a protein can be substituted by some kinds of similar residues to simplify the complexity in protein.
Nevertheless, some residues can be substituted by quite different kinds of residues to check or to study the importance and the role of these residues and their corresponding positions. Such a way of substitution of residues is termed as mutation. 14 -23 Through the mutation method, there are many experimental and theoretical studies for various features of proteins, such as for the stability, the folding rate, the biological functions, and the complexity simplification by grouping the residues. 24 -26 In experiments, mutations for proteins are often done by replacing the residues of a protein sequence with other kinds of residues via gene engineering method, 14 -17,27,28 while in theoretical studies, the mutations are usually realized by changing the interactions between the replaced residue and its related residues, sometime by cutting or adding directly the native contacts. 18, 19 According to the number of mutated residues, the mutation can be divided into single-site mutations and double-site mutations, as well as multisite mutations. 20, 21 Experimental and theoretical studies showed that there are some ''hot,'' and ''cold,'' as well as ''warm'' sites in a protein according to their contribution to the thermodynamic stability of the native structure. 25, 26 For the ''hot'' sites, the mutations are likely to cause the protein to change largely in their folding properties and for the ''cold'' sites, the mutations have no relevant effects on thermodynamics, while for the ''warm'' sites, the effect of the mutations is in the intermediate situation between those of the ''hot'' sites and those of the ''cold'' ones. 25, 26 Further studies also indicated that the distribution of such three kinds of sites relates to the interaction between the residues. 26 The ''hot'' sites and ''cold'' sites do not straightly correspond to the hydrophobic core sites or the hydrophilic surface sites in real proteins because a͒ Electronic mail: wangwei@nju.edu.cn it is found that the ''hot'' sites can be found on the surface as well. 26 Different sites play different roles in folding kinetics as well as in thermodynamic stability. It is well known that the rate-limiting transition state is critical to protein folding. To study the property of the transition state, the so-called value is introduced. The definition of value is mutationbased, and it is regarded as the ratio ͑upon mutation͒ of the difference in the free energies between the transition state and the unfolded state with respect to the difference in the free energies between the folded state and the unfolded state. 27, 28 The normal value of the mutated site is between 0 to 1. The larger the value of the mutated site, the more important the mutated site for the folding kinetics is. [29] [30] [31] [32] [33] [34] [35] It is found that the application of value is not suitable for the systems with large frustration. 33,36 -40 The abnormal values out of the range between 0 to 1 shown either in experiments or simulations have also been argued to be useful on studying the speciality of sites during protein folding. 35 It has been suggested that corresponding to experiments, value is a good parameter to characterize the transition states and the folding nucleus. 40 The study of protein evolution indicates the conservation or the importance of the folding nucleus during the evolution. [41] [42] [43] [44] These all are realized based on the techniques of mutations at different sites in proteins.
Many questions come out. How do the effects of various sites on the thermodynamic and kinetic relate to their spatial arrangements? How do different sites affect the folder? What are the effects of the hydrophobic or the hydrophilic nature of residues even at the same site of a protein? These questions have been attracting the researchers for many years, and much work has been done recently. [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [40] [41] [42] [43] [44] In this work, we study the relationship between the thermodynamic and kinetic properties of proteins based on various mutations at different sites in model proteins. The model proteins consist of 27 monomers onto a cubic lattice [45] [46] [47] with the MJ potentials 48 and the modified MJ potentials ͑MMJ͒ raised by Thirumalai et al. 49 Considering the ''continuity principle'' of the mutations, 20 single-site mutation method is used. A serial of mutations which includes a group of mutations for one site from the original residue to the other 19 kinds of residues is made. By observing the correlation between the thermodynamic stability and the hydrophobicity of mutated residues in the mutation serial, we find that different sites contribute to the stability of the native structure differently. Accordingly the sites are classified into three types, which are the hydrophobic sites ͑H-type sites͒, the hydrophilic sites ͑P-type sites͒, and the neutral sites ͑N-type sites͒ based on their preferences. For the case of the MJ potentials, the stability of the mutated sequence is increasing ͑or decreasing͒ as the increase in the hydrophobicity of the mutated residues for the H-type sites ͑or P-type sites͒, while is random for the N-type sites. These three types of sites are shown to be related to the hydrophobic core, the hydrophilic surface and the connected sites between the core and the surface in the model proteins. It seems that the H-type and P-type sites are generally more thermodynamic important than the N-type sites. Further observation of three types of sites in determining the native structure, the serial mutations introduce an ''edge effect,'' indicating the mutations on the residues with weak energetics would change the native structure unexpectedly. Contrasted to the thermodynamic study, the kinetic properties of the mutated sequences are also discussed. Note that the hydrophobic tendency of the MJ potentials 48 is strong. As a comparison, we further make a study using the modified MJ potentials ͑MMJ͒. 49 Our results show that the classification of three types of sites is independent of the potentials. It is found that the ratio between the H-type sites and the P-type sites is about 1:1, which is more reasonable than that of the MJ potentials, i.e., 1:2. This suggests that the modification of the MJ potentials is rational.
The organization of this paper is as follows. In Sec. II and Sec. III, we present the model and the methods used in this work. In Sec. IV, we present the results and discussions for the case of the MJ potentials first, and then for the case of the MMJ potentials. In the final section, we give a conclusion.
II. MODEL
The protein is modelled as a self-avoiding chain on a cubic lattice ͓see Fig. 1͑a͔͒ . The energy of a conformation for the chain is the sum of energies of nonsequential neighboring pairwise contacts with a lattice unit a. The nonsequential neighboring interaction energy depends on the identities of the two residues ͑or monomers͒ involved. Thus, the energy of a conformation can be represented as
where ⌬ϭ1 if monomer i and monomer j are two nearest nonsequential neighbors and ⌬ϭ0 otherwise, and i and j define the kinds of residues at positions i and j, respectively. B( i , j ) is the interaction energy between two residues of kinds i and j . Here we use two kinds of potentials, i.e., the MJ and MMJ potentials which are the Table 3 in Ref. 48 by  Miyazawa and Jernigan and the Table 2 ) . N is the number of the total residues or the length of the model chain, and it is set as 27 in this work. It is noted that such a lattice model is a classical example for the model proteins, and has been used intensively for the studies on some basic and general features of the proteins and protein folding. [45] [46] [47] It is found that such a model protein shows some basic features in common with respect to real proteins. Therefore, the lattice model is used to address questions of some general aspects of proteins rather than of atomic details. In the aspect of thermodynamics, a model protein chain has a unique compact native structure if its amino acid sequence is well designed. At the same time, in the aspect of kinetics, the model protein behaves as a twostate folding and a collapse of folding nucleus. [45] [46] [47] The cubic native conformation shows surface sites and internal sites, which correspond to the corner sites and the center sites ͑including both face centers and body center͒ in the compact three-dimensional structures, respectively.
III. METHOD

A. Z-score for sequence design
As we know, the Z-score is a good parameter to measure the stability of the native structure for a protein sequence and to characterize the energy gap between the energy of the native conformation and an averaged energy over those of the misfolded or unfolded conformations. 50 The Z-score is defined as
where E nat is the energy of the native conformation, and E av is the averaged energy of the non-native compact conformations. is the corresponding dispersion of energies of the non-native compact conformations. Unlike the estimation of the averaged energy E av in previous work, 50 here we calculate E av by averaging the energies of the protein sequence over all the compact structures of the 3ϫ3ϫ3 cubic lattice except the native one, i.e., 103 346Ϫ1 compact structures.
Obviously, for a certain sequence, the larger the energy gap ͉E nat ϪE av ͉, the more stable the native conformation is, and the smaller the value of , the larger the Z-score is. Thus, a large value of Z-score means that the native conformation is stable, and the sequence may have good folding features, such as the thermodynamic stability and the kinetic accessibility. 50 Actually, the Z-score is often used to design the foldable model protein sequences. With different arrangements of residues in a sequence, the values of Z-score are different. For a fixed composition of various kinds of residues, a sequence with the largest value of Z-score is argued to be the best sequence for the target structure. It is shown that the Z-score is a very useful factor for the study on some properties of proteins.
B. Serial point mutations
In this work we use a serial of point mutations for protein sequences, i.e., we make 19 mutations at a certain site by replacing the original or the ''wild type'' residue with other 19 kinds of naturally occurring residues. This kind of mutations is called as the serial mutations. By such serial mutations at one site for a protein sequence, we obtain 19 mutated sequences. To study the effects of mutations on the stability of the native structure for the 19 mutated sequences, a serial values of Z-score for the related mutated sequences are worked out. These values, called as the serial map of Z-score, are used to characterize the thermodynamic stability of various mutated sequences. By making the mutations at different sites in a sequence, the contribution of each site to the stability of the native structure can be described by the values of Z-score. For comparison, the value of Z-score of the ''wild type'' sequence is also added to the serial map of Z-score.
C. Monte Carlo simulations
In order to study the kinetics of the folding for the mutated chains, we make many Monte Carlo simulations. Similar to the previous work with lattice model, during the folding process, there are three types of moves used in the simulations, namely the end move, the corner move, and the crankshaft move. 45 Starting from an extended conformation, the folding is inspected both by the Monte Carlo steps ͑MCs͒ or the Q value. For obtaining the mean first passage time ͑MFPT͒ for each ''wild'' sequence, 200 runs are made from different initial states for the chains. To characterize the accessibility of the native conformation for different mutated sequences, a serial map of folding ratios, P f , is also used. Here the folding ratio P f is defined as the ratio of the number of runs N 1 for which the sequences fold to their native state to the total number of runs N 0 within a threshold time, i.e., TABLE I. The residue composition, the Z-score and the MFPT for 16 well-designed sequences by the Z-score method for the lattice model protein with the native structure shown in Fig. 1͑a͒ 
Here, for the lattice model with two kinds of potentials, we generally choose N 0 ϭ200. For each mutated sequence, the threshold time or the total number of MCs of the simulation are taken as 0.9ϫMFPT with MFPT being the folding time of the ''wild'' sequence. Considering that the single site mutation will not change the folding temperature significantly, a temperature TϭT f is set in all simulations for different mutated sequences with T f being the folding temperature of the ''wild'' sequence. Actually, considering the coarse-grained description based on the lattice model of proteins, the folding ratio P f describes well the accessibility or the foldability of a model protein to its native conformation at a biologically relevant time scale.
D. Folding nuclei
Here, we determine the folding nuclei of the sequences by a simple way. Taking the number of the native contacts ͑Q value͒ as the coordinate of the folding process, we account the occurring frequency of each native contact when the Q value is between 16 and 22. 51 Then the folding nucleus is defined as the set of the native contacts with the highest frequencies. The folding nuclei for the first 10 sequences in Table I are plotted overlapped together in Fig. 1͑b͒ .
IV. RESULT AND DISCUSSION
A. The thermodynamic stability
To study the role of the mutations at different sites in various sequences, using the MJ potentials 16 sequences have been designed 50 as the ''wild'' type sequences for a native target as shown in Fig. 1͑a͒ . These 16 sequences are selected as a pool for the serial mutations as listed in Table I Then the serial mutations are carried out for all the sites of these 16 sequences. In order to track the variation of the stability of the native structure during the serial mutations, the serial map of Z-score at each mutated site is plotted ͑see Figs. 2-4͒. In the serial map of Z-score, the mutated residues are classified into the hydrophobic and the hydrophilic division by two circles as shown in these figures. All the naturally occurring 20 kinds of residues are arranged following their strengths of the hydrophobicity. Here the strengths of the hydrophobicity of various residues are taken as their values of the components of the principal eigenvector for the MJ matrix. 22 This implies that the more negative value of the hydrophobicity of the residue, the larger hydrophobicity of the residue is. It is noted that we have basically similar fea- Table I . The correlation coefficient is 0.9367. In both plots, the circles enclose the hydrophobic and hydrophilic residues, respectively. The straight line separates the conserved mutations for the native conformation from the nonconserved mutations. The solid circles represent the mutations keeping the native conformation or the conserved mutations, and open circles represent the mutations not keeping the native conformation or nonconserved mutations ͓for residues P in ͑b͔͒.
tures in the serial maps of the Z-score if the values of the hydrophobicities of the natural residues taken from the textbook are used. In the serial maps of Z-score, the value of Z-score is used to characterize the thermodynamic stability of the native structure. By considering the correlation between the Z-score and the hydrophobicity, it is found that the protein sites tend to choose certain kinds of residues under the stable pressure.
Collecting the results from all 27ϫ16 serial maps of Z-score of 27 sites for 16 sequences, it is found that there are three different features for these maps. According to these features, the sites in a protein sequence can be classified into three types: ͑1͒ the hydrophobic sites ͑the H-type sites͒ in which the values of Z-score increase as the increase in the hydrophobicity of the mutated residues as shown in Fig. 2͑a͒ and Fig. 2͑b͒ ; ͑2͒ the hydrophilic sites ͑the P-type sites͒, in which the values of Z-score decrease following the increase in the hydrophobicity of the mutated residues as shown in Fig. 3͑a͒ and Fig. 3͑b͒ ; ͑3͒ the neutral sites ͑the N-type sites͒, in which the relationship between the values of Z-score and the strengths of the hydrophobicity of the mutated residues is basically random as shown in Fig. 4 . These results are listed in Table II , where the letter H represents the H-type sites, the letter P the P-type sites, and the letter N the N-type sites, respectively. From Fig. 2 to Fig. 3 , strong correlations between the values of Z-score and the strengths of the hydrophobicity of the mutated residues are observed, indicating that there is an obvious tendency of these sites to some kinds of residues due to stability requirement. For the H-type sites, the more hydrophobic they are, the more stable the native structure is. Thus, the H-type sites tend to accept the hydrophobic residues rather than the hydrophilic residues. While for the P-type sites, the case is reversed. The hydrophilic residues are more suitable than the hydrophobic residues in the P-type sites. Note that for both types of sites, the residues are clearly divided into two groups and the values of Z-score show a roughly linear relationship to the hydrophobicity ͑see Fig. 2 and Fig. 3͒ . However, for the N-type sites, the dispersive distribution as shown in Fig. 4 implies that there is an obscure tendency of the N-type sites to both the hydrophobic and the hydrophilic residues.
These three types of sites for mutations reflect different roles of various sites in a protein to the stability of the native structure. As shown, the contribution of the sites of H-type and P-type to the stability of the native structure under the same condition is reversed. Increasing the hydrophobicity of the residues at the H-type sites will result in the increase in the stability of the native structure ͑see Fig. 2͒ , while at the P-type sites will result in the decrease in the stability of the native structure ͑see Fig. 3͒ . Differently, for the N-type sites the contribution of the mutations to the stability of the native structure by both the hydrophobic and hydrophilic residues is not relevant to the hydrophobicity ͑see Fig. 4͒ .
It is well known that the main driving force in the protein folding is the hydrophobic force which is an important effect of solvent. Therefore, in general, real proteins are constructed by three parts. One is the hydrophobic core, one is the hydrophilic surface, and the other is the neutral part between the core and surface. In the hydrophobic core, the hydrophobic residues are energetically favorable, in the hydrophilic surface, the hydrophilic residues are energetically favorable, while in the neutral part the favorable residues are uncertain. What is the relationship of the mentioned above site types to the hydrophobic core? In Fig. 5 , a statistical histogram of occupying probabilities for three types of sites at four kinds of structural positions of the cubic native structure is shown. It is clearly seen that the H-type sites are Table I . The open circles present the nonconserved mutations for the native conformation. The distribution of the points is dispersive, and no boundary line can be defined.
mainly at the positions of the body center and the face centers. Differently, the P-type sites are mainly distributed at the positions of the corners and the edge centers. It is also noted that most of the N-type sites locate at the edge centers and some at the face centers.
In the 27 lattice model, the body and face centers have been argued to be the internal positions of the cubic structure, and these positions clearly relate to the hydrophobic core. While the corners have been considered as the surface positions of the cubic lattice structure of the model proteins. The high occupying probabilities of the H-type sites at positions of body and face centers, and of the P-type sites at corners are relevant to the correspondence of the H-type, P-type, and N-type sites to real proteins mentioned above, i.e., the H-type sites relate to the hydrophobic core sites, while the P-type sites relate to the hydrophilic surface sites. The edge centers are the intermediate positions connecting the face centers and the corners, thus it is difficult to tell whether they belong to the surface positions or the internal positions in the cubic lattice structure. As a result, from Fig. 5 it is observed that for the edge centers, the occupying probabilities of both the P-type and the N-type sites are more or less the same. These also provide a support on the validity of the 27 lattice model in describing proteins. Table III lists the ratio between the numbers of the H-type and the P-type sites for 16 sequences listed in Table I . It is found that the numbers of the P-type sites are about 2 times the numbers of H-type sites for most of the sequences. This is not consistent with ratio between the sites of H-type and P-type in real proteins known as 1:1. This unreasonable ratio may be due to the strong tendency of the hydrophobic- 
The histogram of the occupying probability of the H-type, the P-type, and the N-type sites at four kinds of positions of the cubic lattice model with the MJ potentials. These positions are the corners, body center, face centers, and edge centers. In many previous works, the studies on the effect of mutations focus on whether the site mutation results in a change in the native conformation of a sequence. Here, we also discuss such effect for the serial mutations at the H-type, the P-type, and the N-type sites in sequences listed in Table I , respectively. It is noted that our discussion is from the aspect of the thermodynamic stability of the native structure. We use all the 3ϫ3ϫ3 cubic compact conformations, i.e., 103 346 conformations, to judge whether the original native conformation ͓shown in Fig. 1͑a͔͒ is still the lowest state of every mutated sequence. Thus, the conservation of the native conformation for a mutated sequence relates to the fact that the mutated sequence still takes the original conformation as its native conformation. It is known that the hot site is of sensitive site at which mutations often result in changes of the native conformation, while the cold site is of insensitive site at which mutations often result in the conservation of the native conformation. 25, 26 Then, is there any correspondence from the hot or the cold site to the H-type, the P-type or the N-type site? To answer this question, we calculate the ratio of the conserved mutated sequences to the total number of the mutated sequences. This ratio, defined as R c , for all the 27 ϫ16 serial mutations is listed in Table IV .
From Table IV , we can see that the values of R c for both the H-type and the P-type sites are more or less the same, i.e., R c Ӎ55%, but are smaller than R c Ӎ89% for the N-type sites obviously. This indicates that both the H-type and the P-type sites are more sensitive to the mutations than the N-type sites. This result is reasonable because the sites in the hydrophobic core or those on the hydrophilic surface apparently contribute more to the stability of the proteins than the sites between them.
Considering the distribution of the conserved and nonconserved mutations in the Z-score serial maps, it is found that in most mutations for the H-type and the P-type sites, there is a boundary for separating the mutations into conserved or nonconserved mutations for the native conformation. As shown in Fig. 2, and Fig. 3 , such a boundary has been indicated by a line. Below the line the mutations will change the native conformation from the original one to a new one, and above the line there is no changes of the native conformation for various mutations. Differently, for the N-type sites, the disordered distribution of the points relating to various mutations makes it impossible to identify the conserved or nonconserved mutations simply by a boundary line ͑see Fig. 4͒ . However, there are a few exceptions for the mutations at the H-type and the P-type sites, for which the mutated sequences have different native conformations. Several examples are indicated as open circles in Fig. 2͑b͒ and Fig. 3͑b͒ , respectively. Interestingly, these excepted points of the mutated residues are very close to the boundary line ͓see Fig. 2͑b͒ and Fig. 3͑b͔͒ .
When the conserved mutations and the nonconserved mutations can be separated by a boundary line, these mutations are defined as the successful separating mutations ͑SSM͒, otherwise the failure separating mutations ͑FSM͒. A statistics on the SSM and the FSM can be obtained for the H-type, the P-type, and the N-type sites. Thus, the ratios, R s and R f , of the SSM and the FSM to the total number of mutations are also listed in Table IV , respectively. One can see that the values of R s for both the H-type and the P-type sites are higher than that for the N-type sites, implying that the regularity of the conservation of the native conformation for the serial mutations for both the H-type and the P-type sites. Therefore, to the serial mutations for the H-type and the P-type sites, we can determine in general what kinds of mutations conserve the native conformation simply by finding out the boundary line rather than detecting the mutated sequences throughout the compact conformation space. The separation of the conserved and nonconserved mutations relates to the monotonic variation of the values of Z-score versus the strength of the hydrophobicity of the mutated residues at both the H-type and the P-type sites, and reflects the special role of these two type sites in the thermodynamic stability of proteins. As mentioned before, the H-type sites relate to the hydrophobic core in proteins. For each single H-type site, the mutations prefer to the hydrophobic residues rather than to the hydrophilic ones. As a matter of fact, the preference of the H-type sites to the hydrophobic residues is a cooperative result between the H-type site itself and other hydrophobic sites all around it. It is this cooperativity of all the hydrophobic residues, which consists the hydrophobic core, that contributes to the stability of the native conformation. Therefore, to a small protein described by the 27 lattice model, if the mutation occurs in the hydrophobic core by a hydrophilic residue, it is apparently unfavorable in energetics for the original native conformation ͓shown as the decrease of values of the Z-score like Fig. 2͑a͔͒ . Since the energetic constraint from the hydrophobic residues topologically around the mutated residues, it is difficult to induce another hydrophobic core to contribute another native conformation from the compact conformation space until the mutation makes the stability of the native conformation low enough. Thus, during the serial mutations for the H-type sites, the increasing in the values of Z-score of the mutated sequences is nearly linear with the increase in the hydrophobicity of the mutated residues and also indicates the increasing in the stability of the native conformation. A similar result can also be obtained for the P-type sites. Because the hydrophilic constraint of the P-type sites, the favorable residues are of the hydrophilic ones. Thus, the values of Z-score of the mutated sequences decrease as the hydrophobicity of the mutated residues increases, and so does the stability of the native conformation. However, for a N-type site, the situation is not the same as for both cases of the H-type and the P-type sites. The favor of the N-type sites to the hydrophilic residues is obscure, and because it is often between the H-type and P-type sites, the cooperative constraint from the residues around the site is not consistent. The effect of the stability of the mutated sequences depends on the balance of the contribution of the hydrophobic residues and the hydrophilic residues all around the mutated residues. Because the interactions between 20 naturally occurring residues are different, the variation of the stability with the hydrophobicity of the mutated residues presents disordered distribution as shown in Fig. 4 . For the serial mutations at the N-type sites, the decrease in the hydrophobicity of the mutated residues may result in the increase in the stability of the native conformation. However, at the same time, such decrease in the hydrophobicity combined with the plastic surroundings will cause another hydrophobic core, and then contributes another more energetic favorable conformation than the original native conformation. Residues L to F in Fig. 4 relate to such examples. A reversed case happens for residues S to N in Fig. 4 also.
The role of the H-type, the P-type, and the N-type sites in determining the stability of protein native conformation can be termed as an ''edge effect.'' The hydrophobic core and the hydrophilic surface can be regarded as two strongly cooperative blocks in proteins, while the loose part between them is the intermediate area with less constraint. Because of strong cooperation in the hydrophobic and the hydrophilic blocks, the effect of single mutation in these two blocks on the native conformation is consistent. Until the single mutation with some kinds of residues makes the stability of the original native conformation low enough, a new native conformation becomes stable. Because of less constraint of the intermediate area, any a single mutation in this part may changes the native conformation of proteins unexpectedly.
Therefore, the instability of the original native conformation related to the hydrophobicity of the mutated residues suggests that the native conformation of a protein is determined by the relative order of the hydrophobic and the hydrophilic residues in the protein sequences. Another point which should be addressed is the limitation of the Z-score in describing the stability of proteins. In the Z-score design, it always happens that a sequence with a high value of Z-score is accepted as more native for the target conformation. From the above discussion on the effects of the H-type, the P-type, and the N-type sites, the existence of the N-type sites accounts for such limitation of the Z-score method since the stability is not well related to the value of the Z-score when a mutation in made at the N-type sites.
B. Relationship between thermodynamic stability and kinetic foldability
The study on the serial maps of Z-score suggests that the H-type, the P-type, and the N-type sites contribute differently to the stability of the native conformation due to different fitness of the hydrophobicity of the mutated residues. How do these three types of sites contribute to the kinetic features of the proteins, and are their thermodynamic features and the kinetic features consistent to the serial mutations at three types of sites? To explore these questions and avoid overweight computer simulations, we select nine sites ͑listed in Table V and VI͒ from the first 10 sequences ͑listed in Table  I͒ to calculate the P f serial maps ͑see method section͒. We then plot P f versus the Z-score of each serial mutations at nine selected sites for describing the relationship between thermodynamic and kinetic features of the proteins. It is found that there are three kinds of relationship between P f and the Z-score: ͑1͒ the positive correlation, ͑2͒ the negative correlation, and ͑3͒ the dispersive correlation. Some examples are plotted in Fig. 6 . Figure 6͑a͒ shows one case of the positive correlation for site 26 in sequence 2 in Table I . Site 26 belongs to the H-type sites and its serial map of Z-score is direct proportional to the increasing in the hydrophobicity of the mutated residues. Since site 26 is of the H-type site, the stronger the hydrophobicity of the residues at site 26, the more stable the native conformation of the sequence is. Strong hydrophobic interaction leads to fast folding. Thus, the relation of the P f serial map versus the value of Z-score is direct proportional. As a result, this means that the more stable native conformation, the faster the model protein folds.
However, for the folding nuclei as shown in Fig. 1͑b͒ , we find that some sites also show the positive correlation but TABLE V. The correlation coefficients between P f serial maps and the hydrophobicity for nine sites of the first 10 sequences in Table I . The negative coefficient relates to the inverse proportion in the P f serial maps to the hydrophobicity. due to different reasons, e.g., the case of site 15 shown in Fig. 6͑b͒ . Site 15 locates at the corner of the folding nucleus, and it contributes to the folding nucleus not constructively, but stably. At such kinds of sites, the increase in the hydrophobicity stabilizes the folding nucleus, but may result in high probability of forming frustrated contacts during the formation of the folding nucleus. It is apparent that for site 15 the frustration effect during the folding process is more important than its stable effect on the folding nucleus. Therefore, the P f serial map for site 15 is in inverse proportion to the hydrophobicity of the mutated residues. In addition, since site 15 belongs to the P-type site, its value of Z-score is inversely proportional to the hydrophobicity of the mutated residues, too. Thus, the relation of P f versus the Z-score is directly proportional. Noting that in Fig. 6͑a͒ and Fig. 6͑b͒ the directly proportional relationship between P f and Z-score indicates the thermodynamic stability and kinetic foldability being consistent for these two sites. The case of negative correlation between P f versus the Z-score is found for site 1 as shown in Fig. 6͑c͒ . Considering the behavior of this site in the folding process, we find that although it is not in the folding nuclei, the non-native con- tacts between site 1 and site 10 and 14 is highly populated in the folding process. The formation of these non-native contacts may be a necessary condition to form the folding nuclei, but too strong non-native contacts may block the formation of the native contacts. Thus for site 1, the weaker the hydrophobicity of the mutated residues in this site, the higher the corresponding P f value is, that is, the folding becomes fast. Site 13 is also a corner site in the folding nuclei, and contrasting to the site 15, the stable effect of site 13 is dominated by the frustrated effect. Thus, its P f serial maps are inversely proportional to the hydrophobicity of the mutated residues. Furthermore, P f versus the Z-score serial map of site 13 is inversely proportional to the hydrophobicity of the mutated residues as shown in the Fig. 6͑d͒ . Following the discussion above, it is found that some sites can take completely opposite role in the thermodynamic stability and kinetic foldability as others do. This indicates that the contribution of the sites to both the thermodynamic stability and the kinetic folding of the protein is not always consistent. Table V and Table VI list the 9ϫ10 correlation coefficient between the values of P f and Z-score. From Table  V , it is found that the variation of the values of P f still shows three types just like those shown for the serial maps of Z-score as the increase in the hydrophobicity of the mutated residues.
More clearly, two sketch plots are used for understanding the above-mentioned correlation between the values of P f and the Z-scores. In Fig. 7 , the sketch map presents two cases in which P f versus the Z-score varies with a positive correlation. For the first case in Fig. 7 , the values of P f and the values of Z-score are both direct proportional to the increasing in the hydrophobicity of the mutated residues. This second case plotted in Fig. 7 represents the values of P f and the values of Z-score are both inversely proportional to the increasing in the hydrophobicity. The sketch plot in Fig. 8 shows the two cases which induce to the inverse proportion of the values of P f to the values of Z-scores. In the first case, the sites belong to the H-type sites, and the P f serial map is inversely proportional to increasing in the hydrophobicity of the mutated residues. The second case in Fig. 8 corresponds to a P-type site such as site 13. As a result, the final P f versus the Z-score shows an inversely proportional relation.
It is worthy to note that except the linear behavior in P f versus the Z-score serial maps, there is some disordered relationship between P f and the values of Z-score. This not only corresponds to the N-type sites, but also corresponds to the sites of which the P f serial map is random. It suggests that the kinetic role of these sites also include three types just like the situation for the thermodynamic role as discussed above.
C. Effects of modified MJ interaction potentials
Since all the elements in the MJ matrix are negative, there exists a strong tendency of hydrophobicity between all pairs of the contacted residues. Thus, it is important to check whether this affects our mentioned above results or not. Similarly, by using the MMJ potentials, six sequences are designed as the ''wild'' sequences for the target conformation shown in Fig. 1͑a͒ ͑see Table VII͒. Following the schemes mentioned above, all features, such as the Z-scores and MFPT and so on, have been worked out. It is found that the values of Z-score of these six sequences are generally higher than those of the sequences in Table I and the MFPTs are also apparently small, namely around 10 5 MCs. However, these does not mean that these sequences are better designed than the sequences listed in Table I . Such difference is due to different properties between two kinds of interaction potentials. Actually, the MMJ potentials reduce the overestimated hydrophobic force in the MJ potentials. 49 This makes that the model proteins have less energy deviation and frustration than those with the MJ potentials.
Similarly, the serial mutations are made for these ''wild'' sequences and the Z-score serial maps are obtained ͑data not shown͒. From our results, the classification for the H-type, the P-type and the N-type sites still exists, and almost the same features as Fig. 2 to Fig. 4 for these three type sites have been seen ͑see Table VIII͒ . This indicates that the main natures of the MJ potentials and the MMJ potentials are the same, and provides that the types of sites in a sequence may depend on the topology of its native conformation. However, the number of the P-type sites in the sequences is small and the number of the N-type sites is large compared with the case of the MJ potentials. The change of the number of the P-type sites induces a different ratio between the H-type sites and the P-type sites. As mentioned before, in Table III, the ratio between the H-type sites and the P-type sites is about 1:2, which is not consistent with the ratio of H: P in real proteins. Differently, for the case of the MMJ potentials the ratio between the H-type sites and the P-type sites is about 1:1, which is consistent with the ratio of H: P in real proteins. Clearly, the unreasonable ratio between the H: P in the model proteins with the MJ potentials is due to the overestimation of the hydrophobic effect for some P-type sites. Because of the overestimation, more P-type sites in a sequence are needed under the stable pressure of the model proteins to balance the strong hydrophobic force. While in the model proteins with the MMJ potentials, the hydrophobic force is reduced, thus some of the P-type sites convert into the 
N-type sites. However, this change from the P-type sites to the N-type sites makes the number of the N-type sites is near to half of the total sites. The large number of the N-type sites may come from the speciality of the cubic lattice model itself. As is known, the completely inside site in the cubic lattice model is only one, i.e., the body center site. Although the face center sites is often regarded as the hydrophobic core sites in the cubic model, it is a surface part of the cubic. Therefore, the irrational body and surface ratio of the 27 lattice model makes the number of the N-type sites be more than the numbers of the H-type sites and the P-type sites. Figure 9 shows the histogram of occupying probabilities for three types of sites for the case of the MMJ potentials. From Fig. 9 , it can be seen that at the face center sites the ratio between the H-type sites and the P-type sites is 0.47:0, at the corner sites the ratio between the H-type sites and the P-type sites is 0:0.51, while at the edge center sites, the ratio between the H-type sites and the P-type sites is 0.25:0.36. These three ratios indicate that in the model proteins with the MMJ potentials, the face center sites tend to accept the H-type sites, the corner sites tend to accept the P-type sites, while the edge center sites tend to accept the N-type sites. This is consistent with that in the model proteins with the MJ potentials, and also indicates that the H-type sites are related to the hydrophobic core sites and the P-type sites to the hydrophilic surface sites in real proteins, while the N-type sites are related to the connected sites between the hydrophobic core sites and the hydrophilic surface sites. The same conclusions from the model proteins with two kinds of interaction potentials suggest that the specific tendency of three types of sites to the sites of real proteins does relate to the topological characteristic of the protein structures.
In addition, we have checked the conservation of the native conformation for different serial mutations at different sites. Our results show that for the model proteins with the MMJ potentials, the ''edge effect'' of the three types of site is still effective, i.e., the boundary line lies in the Z-score serial maps of the H-type and P-type sites to separate the conserved and nonconserved mutations. We have also studied the kinetic role of three types of sites. We find that the correlations between the P f serial maps and the hydrophobicity, between the values of P f and the values of Z-score are somewhat low. This may result from the positive elements in the MMJ potentials. Thus, a single site mutation with reversed sign of interaction potentials for the model proteins may change the kinetic features of folding significantly. This deserves further detailed studies.
V. CONCLUSION
The consistence of the thermodynamic stability and kinetic foldability of proteins has been argued during the study on protein folding for several years. [52] [53] [54] Although it has been discussed that the profound stability would induce fast folding of protein, 55 and the fast folding also would induce good stability for protein, 56 the correlation between the thermodynamic stability and the kinetic folding is not corresponded accurately. 56 Then, are the kinetic constraints more important than the thermodynamic ones during the protein folding? Similarly, is the kinetic pressure more important than the stable pressure during the protein evolution? 57, 58 In this paper, based on the lattice protein model, we study the effects of various sites and mutations with various residues on the thermodynamic stability and kinetic foldability of protein model chains with two kinds of potentials, namely the original MJ potentials by Miyazawa and Jernigan and the modified MJ potentials by Thirumalai et al. The mutations at a site is realized by replacing a residue with other 19 kinds of naturally occurring residues, and such a kind of mutations is termed as the serial mutations. It is found that the various sites can be classified into three types, namely the hydrophobic ͑H͒ type, the hydrophilic ͑P͒ type and the neutral ͑N͒ type. For the H-type ͑or the P-type͒ sites, the thermodynamic stability increases ͑or decreases͒ as the hydrophobicity of the mutated residues increases. In general, the H-type and the P-type sites relate to the hydrophobic core and the hydrophilic surface. According to the dominant effect of hydrophobic force in constructing protein structures, the H-type sites tend to accept hydrophobic residues, while the P-type sites tend to accept hydrophilic residues. Comparing to those of the N-type sites, these tendencies of the H-type sites and the P-type sites are relevant to the thermodynamic stability of proteins.
However, from the aspect of folding kinetics, the results with the MJ potentials and the MMJ potentials are some what different. The model proteins with the MMJ potentials fold faster in general than those with the MJ potentials. These difference mainly come from the strengths of the hydrophobic forces in the MJ potentials and the MMJ potentials. It is known that, the energetic effect and the entropic effect are two primary effects controlling the folding process of proteins. Small energetic change in folding may cause the changes in the shape or the roughness of the folding landscape, while the entropic change may cause large changes in the folding landscape or make some trips or barriers, resulting in the loss of some folding pathways. In the case of the MJ potentials, the strong hydrophobic force dominates the shapes of the folding funnel, and makes the energetic effect take the leading role in the folding. Thus, in the P f serial maps, the values of P f vary as the hydrophobicity of residues linearly. In the case of the MMJ potentials, the hydrophobic force is reduced, and even some positive terms appear. Therefore, due to the existence of repulsive force, single site mutations may increase the complexity of the folding process. However, a qualitatively correlation, depending on the sites for mutations, between the thermodynamic stability and kinetic foldability can still be found.
Furthermore, for the MJ potentials, although the values of P f often varies with the Z-score linearly, the increase in the foldability for the H-type and the P-type is not always consistent with the increase in the thermodynamic stability. Actually, whether the H-type sites or the P-sites contribute to the thermodynamic and kinetic properties of proteins consistently depends on their relative positions in the folding nucleus of the protein. As we know, protein folding is argued as a nucleation-condensation process, and how the folding nucleus forms rapidly and stably is crucial to the folding rate. The increase in the thermodynamic stability for certain H-type or P-type sites which favors to the stabilization and rapid formation of folding nucleus will induce to a consistent increase in the foldability, otherwise, an inconsistence in thermodynamic stability and foldability will be found. Therefore, there are some H-type sites and P-type sites for which the increase both in thermodynamic stability and in foldability is consistent, such as site 26 of sequence 2, site 15 of sequence 4. Differently, there are some H-type sites and P-type sites for which the increase in thermodynamic stability and foldability is inconsistent, such as site 1 of sequence 1, site 13 of sequence 5. This reflects the complexity in protein systems. In addition, there are many ingredients relating to the folding properties, such as the topology of the native structures. Due to the difference between various properties, the consistence between them may not be always realized, especially some features after mutations. Here, different effects of H-type sites or P-type sites on P f illustrate an example.
Proteins specify their thermodynamic features and kinetic features by natural evolution which carries out selections to satisfy certain requirements as possible as they can. Consequently, the correlation between the thermodynamic features and the kinetic features is an important topic. Our study shows some relevant results although simple lattice model proteins with two kinds of interaction potentials are used. Our classification for the sites makes the role of the sites on the thermodynamic and kinetic features to be clear in some degree. This observation suggests that there are some further selection rules for sequences and native structures of proteins. In addition, the inconsistence of the folding nucleus and the distribution of the H-type sites in a protein may result from that the thermodynamic stability is different from the kinetic foldability in some extent. This gives good understanding on the diversity of the thermodynamic and roperties of proteins discussed previously. 56 -58 
